Abstract-Advanced combustion modes, such as PCCI, operate near the system stability limits. In PCCI, the combustion event begins without a direct combustion trigger in contrast to traditional spark-ignited gasoline engines and direct-injected diesel engines. The lack of a direct combustion trigger necessitates the usage of model-based controls to provide robust control of the combustion phasing. The nonlinear relationships between the control inputs and the combustion system response often limit the effectiveness of traditional, non-model-based controllers. Accurate knowledge of the system states and inputs is required for implementation of an effective nonlinear controller. A nonlinear controller is developed and implemented to control the engine combustion timing during diesel PCCI operation by targeting desired values of the in-cylinder oxygen concentration, pressure, and temperature during early fuel injection.
I. INTRODUCTION
Engine developers continually balance the tightening emissions legislation with consumer demands for maximum fuel efficiency. In modern diesel engines, aftertreatment systems are deployed to reduce the engine-out emissions to the legislated tailpipe-out levels. While the aftertreatment systems are effective in reducing emissions, the true cost of their usage is the increase in fuel consumption required. Advanced combustion modes including diesel premixed charge compression ignition (PCCI), homogenous charge compression ignition (HCCI) and low temperature combustion (LTC) offer the potential of reduced emissions while maintaining high engine efficiency [1] , [2] , [3] , [4] . The lack of a direct combustion trigger has previously limited the widespread adoption of diesel PCCI and other advanced combustion modes. In laboratory testing, these strategies have been shown to be enabled through the flexibility gained through the use of flexible valvetrains [5] , [6] , [7] , [8] , [9] , [10] , [11] . The control of these strategies requires authority over the inputs governing the combustion event, including the incylinder oxygen fraction [12] , [13] , [14] , [15] , [16] .
Previous efforts include [17] , in which a control Lyapunov function based nonlinear model-based controller is developed to regulate the air-fuel ratio and EGR fraction on a diesel engine equipped with a variable geometry turbocharger and an exhaust gas recirculation valve. The controller is experimentally validated against engine data containing reference 1 set point steps. The engine operates under typical diesel diffusion combustion and advanced combustion modes are not considered. In [18] , a robust, gain scheduled modelbased controller is designed and implemented based upon a third-order linear parameter varying model of the air path of a turbocharged diesel engine. The intake manifold pressure is utilized to schedule the gains and the EGR valve position and the VGT position are used as control inputs. The controller is experimentally validated against engine data containing reference set point steps and a portion of the New European Drive Cycle. The engine operates under typical diesel diffusion combustion and advanced combustion modes are not considered. In [19] , a proportional plus integral controller is developed to control the combustion phasing of a diesel engine operating in pre-mixed diesel combustion to a reference set point. The controller utilizes the 50% mass fraction burned crank angle, calculated from in-cylinder pressure data, as feedback to adjust the fuel injection timing. The controller is experimentally validated against engine data containing an engine load ramp at a constant engine speed. A stability analysis was not included. In [14] , a hybrid robust nonlinear model-based controller was developed for a modern diesel engine operating under multiple combustion modes. The intake manifold pressure, the intake manifold oxygen fraction and the exhaust manifold pressure are selected as controlled system outputs. Sliding mode controllers were developed for each combustion mode considered and the controllers were switched based upon a designed supervisory controller. The controller is experimentally validated against engine data containing EGR valve and VGT actuator step changes and engine load ramps. The controller does consider the advanced combustion modes but does not control or estimate the combustion phasing.
In the work described here, a controller is developed to allow tracking of a desired start of combustion (SOC) target in diesel PCCI combustion. The controller utilizes the VGT actuator to control the intake manifold oxygen fraction to a desired value and additionally modifies the ECM commanded start of injection (SOI) to achieve the desired SOC. Feedback for the oxygen fraction controller is provided by an oxygen fraction estimator developed by the authors in [20] . Stability of the PCCI combustion timing controller is shown through the application of Lyapunov theory. The controller is designed to track the desired intake manifold oxygen fraction to within 1% O 2 with asymptotic stability. The desired SOC is achieved by inverting the PCCI combustion timing model [16] to calculate the necessary SOI command. The desired SOC is controlled to within 1 crank angle degree, CAD. The controller is validated on an engine utilizing high pressure cooled exhaust gas recirculation, variable geometry turbocharging and flexible intake valve actuation. A direct measurement of the SOC is used for comparison by utilizing an in-cylinder pressure transducer and crank angle encoder processing the cycle data in real-time in dSPACE.
II. EXPERIMENTAL SET-UP
A 2010 Cummins diesel engine outfitted with an electrohydraulic variable valve actuation, VVA, system was utilized in this work. The Cummins ISB engine is a 6.7 liter, 360 horsepower, 6-cylinder direct-injection diesel engine. As shown in Fig. 1 , the engine is an in-line six configuration. The engine comes equipped with a Bosch common rail fuel injection system with multi-pulse injection capability and a cooled exhaust gas recirculation, EGR, loop. The engine also has a variable geometry turbocharger, VGT, to boost engine performance over the entire operating range as well as an electronic EGR valve to allow control of fresh charge and EGR flows delivered to the cylinder. The electro-hydraulic VVA system, manufactured by Team Corporation and described in more detail in [21] , is capable of modifying the intake valve opening, the peak intake valve lift and the intake valve closing on a cylinder-independent, cycle-to-cycle basis.
A. Data Acquisition
The experimental engine data is acquired using a dSPACE system. The dSPACE system collects data from the engine electronic control module, ECM, such as the fueling and timing commands as well as ECM sensor measurements. The engine is equipped with an open architecture ECM that allows direct read and write access to the memory locations at 100 Hz. The dSPACE system also collects data from additional temperature, pressure, flow and emissions measurements instrumented on the engine test bed. Fresh air mass flow rate is measured using a laminar flow element, LFE, device. The engine charge flow is calculated using the LFE fresh air flow measurement and the measured EGR fraction. Emission gas analyzers are used to measure the composition of the exhaust gases as well as the concentration of CO 2 in the intake manifold. Cambustion NDIR Fast CO 2 analyzers were utilized during this testing. EGR fraction is computed using the intake and exhaust manifold CO 2 measurements. The intake manifold CO 2 is sampled in three locations and averaged to provide the best measurement average of the true intake manifold CO 2 , as shown in Fig. 1 . An universal exhaust gas oxygen (UEGO) sensor is mounted in the exhaust pipe shortly after the turbine outlet as shown in Fig. 1 .
III. PCCI COMBUSTION TIMING MODEL DEVELOPMENT
A combustion timing model for diesel PCCI was developed by Van Alstine in [16] . A short description of the model is provided below based upon the model derivation in [16] . The time delay that exists between the ECM-commanded start of fuel injection (SOI ecm ) and the start of combustion (SOC) is modeled as three distinct, consecutive delays:
where τ elec is the delay present in the electrical system, τ hyd is the hydraulic delay present in the injector, and τ id is the ignition delay. This model can be implemented in units of time (ms) or crank angle ( • CA).
Analysis of the injector current signal reveals a difference between the ECM-commanded SOI timing and when the injector current actually begins to rise. This average value is the electrical delay τ elec :
The next delay in the system is a hydraulic delay in the injector, which is the time between when the injector current signal is enabled and when fuel droplets actually begin exiting the injector nozzle. Injection rateshape profiles provided by the project sponsor, Cummins Inc, allowed characterization of the hydraulic delay for a variety of engine speed and load conditions. The hydraulic delay is essentially constant in the time domain at 0.3 ms, with:
The ignition delay is often modeled using an Arrheniustype correlation. The model form is modified here to include dependence on the total in-cylinder O 2 mass fraction F cyl . Defining the average pressure and temperature over the ignition delay period of SOI to SOC is done as follows:
The resulting ignition delay model is:
where τ id is in ms, F cyl has no units, P is in bar, and T is in K.
Combining the τ id model in equation (6) with the electrical and hydraulic delays in equations (2) and (3) completes the PCCI combustion timing model first described in equation (1):
+0.006N 0.051F cyl −1.14 P −0.51 e ( 2100 T ) + SOI ecm , in • CA with P, and T calculated from equations, (4), and (5) respectively, and N in rpm.
A. PCCI Combustion Timing Model Experimental Results
The model detailed above is experimentally validated in [16] against 180 PCCI data points collected on the experimental engine testbed. SOI ecm and IVC sweeps were performed at twelve nominal speed-load conditions, namely 271, 203, and 102 Nm (200, 150, 75 ft-lbs), each at 2400, 2000, 1600, and 1200 rpm. The VGT position was varied to provide sufficient EGR to remain in a PCCI combustion mode. All data points presented in this study have a single main injection of fuel and have carbon balance error less than ±10%. Note that all timings are reported in • CA after TDC (ATDC) of firing.
The PCCI combustion timing model in equation (7) maps from SOI ecm to SOC given knowledge of total in-cylinder O 2 mass fraction F im , the average pressure and temperature across the ignition delay P, T , and engine speed N. The model predicts the start of combustion within ±2 • CA of the experimental values for all but three of the 180 data points, which represents 98%+ accuracy. The RMS error is 0.86 • CA. Fig. 2 shows the model and experimental SOC data in a scatter plot for comparison. The solid line is the 1:1 line and the dashed lines signify ±2 • CA.
IV. PCCI COMBUSTION TIMING CONTROLLER
The design of the PCCI combustion timing controller begins by examining the relationship between the control inputs and the desired SOC as described in Eq. 7. The inputs to the control model include the ECM-commanded SOI, the in-cylinder oxygen fraction and the in-cylinder temperature and pressure during the ignition delay period. While examining the inputs, it is apparent that the inputs can be separated based upon the speed of the dynamics associated with the inputs. In this case, the in-cylinder oxygen fraction and the pressure and temperature during the ignition delay period are heavily dependent on the gas exchange processes while the commanded SOI is essentially infinitely fast due to the bandwidth of the fuel system. This separation of dynamics allows for a de-coupled controller approach. The slower controller will focus on controlling the dynamics associated with the gas exchange process and the faster controller will focus on controlling the dynamics associated with the fuel injection process. Building upon the learning from the results of the oxygen fraction estimator [20] , it is shown that the in-cylinder oxygen fraction is extremely close to the intake manifold oxygen fraction. This is due to the small amount of residual exhaust gas that remains in the cylinder. Therefore, the assumption will be made to neglect the effect of the residual exhaust gas on the in-cylinder oxygen fraction and the intake manifold oxygen fraction will be utilized directly in Eq. 7. The intake manifold oxygen fraction dynamics are shown in Eq. 8,
Dissecting Eq. 8, the importance of the flows into the intake manifold, W c and W egr , as well as the flow leaving the intake manifold, W e , are readily apparent. The traditional control actuators for the gas exchange process include the EGR valve position and the VGT position. However, PCCI combustion modes typically require large quantities of EGR resulting in an EGR valve position of 100% under all operating conditions. Therefore, the VGT position will be the controlling actuator for intake manifold oxygen fraction dynamics. The VGT position will directly impact the flow through the turbocharger turbine, W t . The turbine flow can then be utilized to calculate the turbine power, P turb , as shown in Eq. 9, P turb = W t c p,exh η turb T em 1 − P amb P em
Applying the steady-state assumption to the turbocharger shaft dynamics shown in Eq. 10,
where I turb is the moment of inertia of the turbocharger, the compressor power, P comp , can be assumed to be equal to the turbine power, P turb . The compressor power, P comp , can then be utilized to calculate the compressor flow, W c using Eq. 11,
thereby defining the relationship between the VGT position and the compressor flow. The steady-state assumption applied to the turbocharger shaft dynamics is reasonable given the large lumped volume between the turbocharger compressor outlet and the intake manifold. To simplify the notation, the following substitutions are made:
k turb = η turb c p,exh T em
The W egr term in Eq. 8 will be treated as a disturbance to the system since the main control actuator, the EGR valve position, is saturated at its maximum position. The value of W egr is provided by the EGR flow estimator developed in [20] and is dependent on the pressure drop across the engine. The intake manifold oxygen fraction dynamics are now cast into a state-space equivalent form in Eq. 18,
Equation 18 can be expressed as a linear parameter varying form as shown in Eq. 19,
where the system parameters are expressed in ρ, the state is the intake manifold oxygen fraction, F im and the input u is the turbine flow, W t , that is directly controllable by adjusting the VGT position.
With the system dynamics defined, a control law may be selected to stabilize the system and provide reference tracking to the desired F im values. The selected control law is shown in Eq. 23,
where r f is the filtered version of the F im reference command, r, after it is filtered by the system dynamics as shown in Eq. 24,ṙ
The usage of the A matrix is a suitable choice since it reflects the dynamics of the physical system. Substitution of the control law in Eq. 23 into the system dynamic equation, Eq. 18 yields the closed-loop expression shown in Eq. 25,
With the control law selected for the slower gas exchange dynamics, fixing the values of F im , P and T , the ECMcommanded SOI can be determined based upon the engine speed and the desired SOC. SOI ecm is calculated using Eq. 26,
) .
A. PCCI Combustion Timing Controller Stability
With the closed-loop system dynamics and the reference filter dynamics defined, the stability of the closed-loop system may be analyzed by examining the error dynamics as shown in Eqs. 27 and 28,
Substitution of the expressions forṙ f andẋ into Eq. 28 yields the expression shown in Eq. 29,
After simplification, the expression forė can be shown as in Eq. 30,ė
The gain L may be selected as shown in Eq. 31 to negate the error dynamics associated with the original reference command r and the disturbance due to the W egr term:
This selection of the gain L will reduce the error dynamics as shown in Eq. 33,ė
The selection of the gain K will be determined based upon experimental controller performance tuning and a Lyapunov analysis will be performed to assess stability. A Lyapunov function V is chosen as shown in Eq. 34. The derivative of the Lyapunov function is then calculated as shown in Eq. 35,
Substituting the expression forė in Eq. 33 into Eq. 35 yields the expression shown in Eq. 36,
After substituting for A and B into Eq. 36, the expression can be simplified as shown in Eq. 37,
To demonstrate stability, the Lyapunov function, V , needs to be positive definite and the derivative of the Lyapunov function,V , needs to be negative definite. Examination of Eq. 37 shows that the error dynamics will be stable andV will be negative definite as long as K > 0. The difficulty in selecting the gain K arises when evaluating the controller performance dynamically and assessing the desired performance and robustness tradeoffs associated with controller design. In this work, an experimentally determined gain of 3000 was chosen to provide the best controller performance in terms of transient response, steady-state error and robustness. Therefore, the error dynamics will be stable and converging towards zero steady-state error asymptotically.
V. EXPERIMENTAL RESULTS FOR PCCI COMBUSTION TIMING CONTROLLER
The PCCI combustion timing controller developed was implemented using a dSPACE control system. The controller was then tested at multiple operating conditions to demonstrate its performance. Figure 3 shows the controller operating at an engine speed of 1600 rpm and an engine torque of 140 ft-lb. The desired SOC was fixed at -5 deg ATDC and the F im command was stepped from 20% oxygen to 16% oxygen. In Fig. 3 , the upper left hand plot shows the oxygen fraction in both the intake and exhaust manifolds. The solid black line is the reference filtered commanded intake manifold oxygen fraction. The dashed red line is the estimated intake manifold oxygen fraction and the blue dash dot line is the measured exhaust oxygen fraction. The manifold oxygen fraction plot shows the step change in the desired intake manifold oxygen fraction and the estimated intake manifold oxygen fraction tracking the reference command. The estimated value of F im tracks the desired oxygen fraction to within 1% oxygen as desired. The upper right hand plot shows the desired SOC in a solid black line. The dashed red line is the measured SOC based upon the in-cylinder pressure trace and the blue dash dot line is the commanded SOI. Figure 3 shows the SOC being controlled to the desired SOC to within 1 crank angle degree (CAD) while the F im is being step changed. The commanded SOI is adjusted by the controller to compensate for the change in Figure 4 shows the controller operating at an engine speed of 1600 rpm and an engine torque of 140 ft-lb. The desired SOC was stepped and the F im command was held constant at 18% oxygen. PCCI combustion timing controller, SOC steps, F im = 18%, IVC=565 at 1600 rpm and 140 ft-lbf.
In Fig. 4 , the manifold oxygen fraction plot shows the desired intake manifold oxygen fraction and the estimated intake manifold oxygen fraction tracking the reference command. The estimated value of F im tracks the desired oxygen fraction. The upper right hand plot shows the SOC being controlled to the desired stepped SOC while the F im is held constant. The commanded SOI, shown in blue dash dot, is adjusted to compensate for the change in desired SOC. The bottom left hand plot shows the VGT position being adjusted to control the estimated F im to the desired F im . The EGR valve position is shown in dashed red line at 100% open. The IVC timing is shown in a blue dash dot line and is fixed at 565 deg ATDC. The bottom right hand plot shows the actual turbine flow is controlled to the commanded turbine flow by adjusting the VGT position.
VI. CONCLUSIONS
Diesel PCCI combustion is an advanced combustion mode capable of simultaneous reductions in NOx and PM over conventional diesel combustion. However, PCCI lacks a direct combustion trigger and therefore requires a closedloop controller to provide robustness. A nonlinear modelbased closed-loop controller was designed to control the combustion phasing of PCCI. The controller is based upon a PCCI combustion timing model and the oxygen fraction dynamics for a modern diesel engine incorporating flexible intake valve actuation. The controller stability was demonstrated through Lyapunov analysis and selection of controller gains K and L. The controller was experimentally validated at multiple operating conditions demonstrating the controllers ability to control the SOC to the desired SOC within 1 CAD and control the F im to within 1% oxygen of the desired F im .
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